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ABSTRACT 


This  report  describes  a  program  of  work  on  beam/plasma  interaction. 
Both  electrostatic  and  electromagnetic  wave  amplifying  mechanisms  are 
under  investigation.  For  the  former,  studies  in  the  absence  of  a  static 
magnetic  field  are  directed  towards  verifying  the  theory  for  the  cases 
of  finite  beam/infinite  plasma,  and  beam/sarface  wave  amplification, 
when  transverse  modulation  is  applied.  Two  distinctly  different  lines 
are  being  followed  for  interactions  in  the  presence  of  a  static  magnetic 
field:  Electrostatic  cyclotron  harmonic  wave  interaction  is  being  ex¬ 
amined,  both  theoretically  and  experimentally,  snd  the  potentialities  of 
electromagnetic  wave  growth  in  the  "whistler"  mode  are  being  investigated. 
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FOREWORD 


This  contract  represents  a  three-year  program  ol  research  on  Fast 
Wave  Bea at/plasma  Interactions"  which  Is  proceeding  In  the  Institute  lor 
Plasma  Research,  Stanford  University,  under  the  direction  of  Pro  .  •• 

Crawford  a.  Principal  fnvestlgator.  The  worh  Is  pa-t  of  PROJECT  DEFENDER 
snd  ...  made  possible  by  the  support  of  the  Advanced  Research  Projects 
Agency  under  Order  No.  695-  »  Is  conducted  under  the  technic.)  guid¬ 

ance  of  the  U.  S.  Army  Electronics  Command.  This  Is  the  sixth  Quarter  y 
Report,  and  covers  the  period  1  June  to  31  August,  1967. 
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I  INTRODUCTION 


I. 

The  wave  amplification  effect  associated  with  the  interaction  of  an 
electron  beam  and  a  plasma  has  attracted  considerable  attention  over  the 
last  few  years,  particularly  from  microwave  tube  specialists  to  whom  such 
interactions  offer  possibilities  of  constructing  very  high  gain  devices 
which  should  be  electronically  tunable  over  wide  frequency  ranges.  Since 
the  plasma  plays  the  role  of  a  conventional  slow-wave  structure,  the  inter¬ 
action  region  should  be  free  of  metallic  structures,  a  particularly  sig 
nif leant  characteristic  if  millimeter  w.'<ve  operation  is  envisaged. 

The  work  being  carried  out  und  er  this  contract  is  directed  towards 
utilizing  the  beam/plasma  amplification  mechanism  in  microwave  device 
applications.  So  far,  despite  the  efforts  of  many  groups,  it  has  not 
been  found  possible  to  realize  this  potential  fully.  The  most  serious 
obstacles  to  progress  ore  that  efficient  coupling  of  an  rf  signal  into 
and  out  of  the  interaction  region  has  been  found  difficult  to  achieve 
and  that  the  amplifiers  are  frequently  very  noisy  compared  with  most  con¬ 
ventional  microwave  tubes.  The  necessity  of  providing  the  means  of  plasma 
generation  within  the  device,  and  the  presence  of  a  relatively  high  back¬ 
ground  gas  pressure  add  constructional  problems  beyond  those  normally  en¬ 
countered  with  vacuum  tubes.  Although  satisfactory  engineering  solutions 
to  these  latter  difficulties  could  certainly  be  found,  the  coupling  and 
noise  problems  still  require  considerable  further  study  to  determine 
whether  competitive  devices  can  be  developed. 

Of  the  many  widely  differing  asiects  of  beam/plasma  interaction, 
three  have  bean  chosen  for  close  examination  under  this  contract.  The 
first  of  these  Is  the  Infraction  of  an  electron  beam  with  a  plasma  when 
the  modulating  fields,  and  the  wave  growth,  arc  in  either  the  first  axi- 
sysmaetrlc  mode,  or  in  the  first  arlmuthslly-vary Ing  mode  Since  with 
transverse  modulation  several  interesting  Interaction  and  coupling  mech¬ 
anist*  become  possible,  it  is  Intended  that  a  thorough  investigation  of 
such  phenomena  should  be  made  under  this  contract. 

Most  previous  work  has  been  concerned  with  the  theoretical  descrip¬ 
tion  and  demonstrat ion  of  beam,  plasma  interaction  mechanisms  that  can 
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be  derived  from  cold  plasma  theory^  i.e.,  from  theory  in  which  it  is 
assumed  that  the  pla&ma  electrons  have  no  thermal  or  directed  motions , 
and  that  the  injected  beam  is  monoenergetic.  When  a  dc  magnetic  field 
is  present,  microscopic  theory,  in  which  single-particle  behavior  is 
followed,  predicts  a  much  wider  range  of  amplification  mechanisms.  Some 
of  these  are  simply  modifications  of  those  occurring  in  the  absence  of 
the  magnetic  field,  while  others  involve  interaction  of  beams  with  trans¬ 
verse  energy  with  slow  "cyclotron  harmonic  waves."  This  constitutes  our 
second  area  of  interest,  i.e.,  that  of  wave  growth  in  magnetoplasmas  when 
the  ele  ctron  beam  has  a  substantial  component  of  transverse  energy. 

Our  third  area  of  interest  is  in  electromagnetic  wave  amplification. 
Theoretical  studies  show  that,  in  addition  to  electrostatic  wave  growth 
phenomena  such  as  those  just  described,  there  is  the  possibility  of  ob¬ 
taining  appreciable  growth  in  the  whistler  '  mode  when  an  electron  beam 
with  transverse  energy  interacts  with  a  magnetoplasma.  This  mode  is  a 
right-hand,  circularly-polarized  electromagnetic  wave,  i.e.,  its  electric 
field  vector  rotates  in  the  right-hand  sense,  which  is  also  (conventionally) 
the  sense  of  rotation  of  the  electrons  about  the  magnetic  field  lines. 

If  a  beam  with  transverse  energy  is  moving  along  the  field  lines,  there  is 
consequently  a  possibility  of  energy  being  transferred  from  the  electrons 
to  the  wave,  and  hence,  for  wave  amplification  to  occur.  The  purpose  of 
our  work  is  to  demonstrate  this  type  of  interaction,  and  to  examine  its 
potentiality  for  coupling  to  slow-  and  fast-wave  circuits.  Here  "fast- 
wave"  is  interpreted  to  mean  that  the  phase  velocity  of  the  wave  is  of 
tl *  order  of  the  velocity  of  light. 

Previous  quarterly  reports  (QR)  have  described  the  background  for 
each  of  the  topics  in  detail.  Progress  made  during  the  reporting  period 
will  be  described  in  the  succeeding  sections. 
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II.  BEAM/PLASMA  AMPLIFICATION 


Amplification  due  to  interaction  of  an  electron  beam  with  an  unmag¬ 
netized  plasma  has  been  studied  hitherto  at  Stanford  and  elsewhere. 
Experimentally,  electronic  gains  as  high  as  20  dB/cm,  at  frequencies  up 
to  1  GHz,  have  been  observed  in  both  m  =  0  and  m  =  1  modes,  and  rea¬ 
sonable  agreement  has  been  obtained  with  theoretical  predictions.  Although 
electronic  gain  has  been  observed,  however,  the  achievement  of  net  gain 
between  an  input  and  an  output  appears  to  be  an  elusive  goal  due  to  the 
difficulty  of  achieving  efficient  coupling  between  the  beam/plasma  system 
and  external  circuits.  One  of  the  principal  aims  of  this  study  is  to  in¬ 
vestigate  coupling  methods  in  the  hope  of  realizing  net  gain. 

Consider  a  system  consisting  of  a  beam  of  radius  a  interacting  with 

a  plasma  of  radius  b  (b  s  a)  .  In  practice,  the  plasma  will  be  confined 

in  a  dielectric  tube  which  may  itself  be  surrounded  at  some  larger  radius 

by  a  conducting  waveguide.  For  the  present  purposes, the  specification  of 

the  system  outside  the  plasma  radius,  b  ,  is  unimportant.  The  usual  quasi 

1  2 

static  analysis  of  this  system  exhibits  a  peculiar  ambiguity  ’  in  that 
it  apparently  admits  of  two  distinct  mode  types  which  have  been  called  the 
solenoidal  and  nonsolenoidal  modes.  This  question  has  been  examined  in 
detail  in  the  past  quarter  and,  as  is  reported  in  Section  A  below,  it  is 
concluded  that  the  nonsolenoidal  lode  is  fictitious.  It  arises  purely  as 
a  result  of  the  approximations  made  in  the  usual  analysis. 

This  result  justifies  the  hitherto  tacit  assumption  that  it  is  the 
solenoidal  mode  of  quasistatic  theory  that  gives  the  correct  description 
of  the  interaction  for  nonrelativistic  beams.  In  this  mode,  there  is  no 
time-varying  space-charge  within  the  volume,  but  there  is  effectively  a 
surface  charge  due  to  rippling  of  the  beam  surface.  This  surface  charge 
acts  as  a  source  for  the  electric  fields  and  for  frequencies  less  than 
the  plasma  frequency,  when  growth  occurs,  the  fields  are  concentrated  near 
the  beam  surface. 

When  b  is  appreciably  greater  than  a  (say  (b/a)  >  1.5),  then  the 
field  at  the  radius  b  is  very  small, and  the  coupling  to  external  regions 
is  very  weak.  Under  these  conditions  the  interaction  is  similar  to  that 
for  an  unbounded  (infinite^  plasma  and  is  effectively  due  to  coupling 
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between  the  beam  modes  and  plasma  oscillations.  For  this  ctse,  to 

achieve  efficient  coupling  it  would  be  necessary  to  introduce  coupling 

circuits  either  into  or  close  to  the  beam,  i.e.  within  the  plarma,  and 

thi*  raises  a  variety  of  difficult  practical  problems.  One  possible 

mjans  of  overcoming  this  difficulty  in  the  case  of  the  m  =  1  mode  was 

suggested  in  QR  5» through  the  use  of  a  locally  enhanced  plasma  density 

in  the  coupling  regions, such  that  these  regions  are  resonant  in  the  di- 

1/2 

pole  mode  (at  0^/2  )  for  *•  frequency  close  to  the  local  plasma  fre¬ 

quency  in  the  main  interaction  region.  Experimentally^  however,  it 
proved  difficult  to  achieve  the  necessary  control  over  the  plasma  density 
profile  along  the  axis. 

When,  however,  the  beam  fills,  or  nearly  fills,  the  plasma  region, 
((b/a)  mt  l)  ,  the  fields  penetrate  appreciably  into  the  region  external 
to  the  plasma.  Under  v^ese  conditions,  provided  the  plasma  is  bounded 
by  a  dielectric  (with  or  without  an  additional  external  conductor),  then 
the  interaction  is  effectively  between  the  space-charge  waves  of  the 
beam  and  the  surface  waves  of  propagation  on  the  plasma  column.  In  this 
case,  it  should  be  possible  to  couple  efficiently  to  circuits  external 
to  tha  plasma.  This  is  highly  desirable  from  the  practical  point  of 
view.  For  this  reason  we  are  studying,  both  theoretically  and  experi¬ 
mentally,  as  reported  in  Sections  B  and  C  below,  a  system  in  which  the 
beam  and  plasma  fill  a  dielectric  tube. 

( A)  Theoretical  Studies  of  Bean/Plasma  Interaction , 

Solenoidal  and  Nonsolenoidal  Modes:  In  the  usual  qaasistatic  theory 

of  interaction  between  a  cold  electron  beam  of  fini  e  radius  and  a  cold, 

1  2 

uniform,  unmagnetized  plasma  of  the  same  or  greater  radius,  it  appears  * 
that  there  are  two  distinct  uncoupled  solutions  which  have  been  called 
the  Kolenoidal  and  nonsolenoidal  modes.  They  have  the  following  char¬ 
acteristics: 

(i)  Solenoidal  Mode  -  This  mode  is  characterized  by 
having  zero  time-varying  volume  space  charge  so  that  the 
electric  field  ha?  zero  divergence,  i.e.  it  is  solenoidal. 

Hovever,  there  is  a  surface  charge  on  the  beam  surface. 

This  acts  as  a  source  for  the  electric  fields,  which  are 
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non-zero  both  within  and  outside  the  beam.  The  dispersion 
relation  comes  from  solving  the  eigenvalue  problem  when 
the  fields  inside  and  outside  the  beam  are  mat  bed,  and  its 
form  depends  on  the  particular  configuration  js  regards  the 
external  boundary  of  the  plasma.  For  the  simple  case  of  an 
unbounded  plasma,  the  dispersion  relation  may  be  written, 

to2  052 

1  -  _E - * - - 

o>2  (o>  -  pvb)2 


where  the  space-charge  reduction  factor  =  pa  I^(pa)K^(pa)  ; 

m  is  the  azimuthal  mode  number,  and  I  and  K  are  modi- 

’  it.  r.i 

fied  Bessel  functions,  the  prime  denoting  differentiation 
with  respect  to  the  argument.  There  is  a  complete  set  of 
normal  mode  solutions  to  Eq.  (l)  with  different  p' s  ,  cor¬ 
responding  to  the  various  radial  modes  of  the  system. 

(ii)  Nonsolenoidal  Mode  -  This  is  characterized  by 
the  fact  that  there  is  no  electric  field  external  to  the 
beam,  and  there  is  a  time  dependent  volume  space-charge 
within  the  beam,  as  well  as  a  surface  charge.  The  rf  poten¬ 
tial,  0  ,  within  the  beam  is  arbitrary  provided  0(a)  =  0 
at  the  beam  surface.  The  dispersion  relation  for  tl  is  mode 
is 
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05  05 

_  _R _ 5 _ 
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which  is  the  same  as  that  for  one-dimensional  motion  in  an 
infinite  beam/plasma  system. 

The  appearance  of  two  distinct  modes  is  disquieting  and,  in  partic¬ 
ular,  the  appearance  of  the  nonsolenoidal  m'de  5  th  a  dispersion  rela¬ 
tion  independent  of  the  geometry,  and  with  no  fields  outside  the  beam, 
is  suspect.  The  predictions  of  the  two  mode,  concerning  what  would  be 
observed  in  a  practical  system  are  quite  disparate .and  one  is  led  to  in¬ 
quire  which  mode  would  be  excited  and  observed  in  practice.  Furthermore, 
since  one  requires  fields  outside  the  beam  in  order  to  facilitate  coupling 


into  and  from  the  system,  it  is  particularly  important  to  resolve  this 
issue.  In  tne  past,  it  has  been  tacitly  assumed  that  the  appropriate 
mode  in  a  finite  beam/plasma  system  is  the  solenoidal  one,  and  the  ex¬ 
istence  of  the  nonsol enoidal  node  has  reen  neglected. 

In  the  past  quarter,  we  have  examined  this  problem  in  detail  and 
find  that  the  occurrence  of  the  two  mode  types  is  a  degeneracy  intro¬ 
duced  into  the  analysis  through  the  use  of  the  quasistatic  approximation. 
By  making  an  exact  analysis  from  the  full  Maxwell  equations,  including 
relativistic  effects,  one  finds  just  a  single  mode  type  which,  under 
appropriate  approximation,  reduces  to  the  solenoidal  mode  of  the  quasi- 
static  analysis.  It  appears  that  the  nonsolenoidal  mode  of  the  quasi¬ 
static  theory  is  an  artefact  introduced  through  making  the  quasistatic 
assumption  ab  initio. 

This  result  is  reassuring  in  that  it  justifies  the  neglect  of  the 
nonsolenoidal  mode.  Furthermore,  the  full  analysis  gives  precise  mathe¬ 
matics  conditions,  in  the  form  of  inequalities,  under  which  the  quasi- 
static  dispersion  relation,  Eq .  (l),  for  the  solenoidal  mode  is  valid. 

This  equation  is  very  much  simpler  to  solve  for  k(<u)  ,  or  <n(k)  }  than 
the  full  dispersion  relation,  and  one  may  use  it,  rather  than  the  latter, 
provided  one  checks  a  posteriori  that  the  exact  conditions  for  its  val¬ 
idity  are  indeed  fulfilled.  A  full  report  on  this  work  is  in  preparation 
and  will  be  issued  shortly.''1 

Surface  Wave  Interaction:  We  are  concerned  here  with  developing  the 
theory  for  interaction  between  an  electron  beam  and  a  plasma  both  filling 
a  dielectric  tube  ( e  =  e  )  of  radii  a  ,  b  ,  surrounded  by  an  air-spaced 

s 

waveguide  of  radius  c  .  he  quasistatic  dispersion  relation  for  this 

system  was  given  in  QR  5  (Bqs.  1  to  5)-  The  numerical  analysis  of  the 

equations  is  complicated  by  the  large  number  of  parameters  a,  b,c,K  = 

(e  /s.)  etc.,  and  the  types  of  solution  may  change  quite  markedly  with 

g  0 

change  of  the  parameters.  Much  insight  may  be  gained,  however,  through 
the  use  of  the  mode  coupling  formalism  whereby  one  considers  the  inter¬ 
action  as  due  to  coupling  between  the  modes  which  can  exist  independently 
on  the  beam  and  plasma.  For  this  reason,  we  first  consider  the  structure 
of  the  surface  wave  modes  for  the  plasma  alone. 
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“eo  “  ]  ,  +  [1  +  (b/c)2ml  '  <6 

^  [l  -  (b/o)2”]  J 

From  this  it  is  clear  that  if  (c/b)  >  [(K  +  l)/(K  -  l)]I/2 

the  cut-offs  0)  for  all  modes  are  greater  than  o  ' 

cm  p  > 

and  all  the  higher  modes  are  backward.  As  (c/b)  is  reduced, 
then  first  the  m  =  1  mode,  and  successively,  in  order, 
higher  modes  become  forward  waves.  Thus  in  Fig.  l(a),  for 
(c/a)  =  1.90,  the  m  =  1  and  all  higher  order  modes  are 
backward,  whereas  in  Fig.  l(b),  for  (c/a)  =1.36  ,  the 
m  =  1  mode  is  a  forward  wave,  but  higher  modes  are  still 
backward.  It  should  be  mentioned  here  that  the  nonzero 
cut-offs,  CDcin  ,  for  P  =  0  ,  for  the  m  /  0  modes,  appear 
only  in  the  quasistatic  approximation.  If  0)  tends  to  a 
nonzero  value  as  p  0  ,  it  is  implied  that  the  phase  vel¬ 
ocity  (o/k)  -  00  f  and  one  must  expect  the  quasistatic 
approximation  to  break  down  as  the  dispersion  curve  approaches 
the  light  cone  (o/k)  =  c  .  This  is  illustrated  in  Fig.  2, 
where  it  is  seen  that  in  an  exact  analysis  for  the  m  /  0 
modes,  as  P  -•  0  ,  the  dispersion  curve  becomes  asymptotic 
to  the  light  cone  and  passes  through  the  origin  while  addi¬ 
tional  fast  electromagnetic  waves  appear  within  the  light 


(ii)  Surface  Waves  for  the  Beam  Alone:  For  the  three-region  sys¬ 
tem  under  consideration,  the  dispersion  relation  for  the  beam  alone  may 
be  written 


(0)  -  pvb): 


It  is  clear  that  the  modes  of  the  beam  alone  may  be  obtained  from  the 
modes  of  the  plasma  alone  by  replacing  0>  by  0)^  f  and  performing  a 
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corresponding  to  these  lines  are  shown  for  two  assumed  values  of  the 
plasma  frequency,  namely  500  and  1000  MHz,  in  the  inset  tables. 

For  the  higher-order  modes,  m  s  1  ,  it  is  clear  that  the  beam 
modes  always  intersect  the  plasma  modes  and  interaction  will  always 
occur.  Two  distinct  types  of  interaction  are  possible  according  to 
whether  the  plasma  mode  is  a  forward  wave  or  a  backward  wave  at  the 
point  of  intersection.  In  the  first  case,  as  for  example  the  m  =  1 
mode  in  Fig.  l(b),  the  mode  coupling  theory  leads  one  to  expect  a  con¬ 
vective  instability,  that  is  to  say,  a  wave  growing  in  space  in  the  beam 
direction,  so  that  one  might  use  it  in  an  amplifier.  In  the  second  case, 
as  for  example  the  m  =  1  mode  in  Fig.  l( a) ,  mode  coupling  theory  leads 
one  to  expect  a  nonconvective,  or  absolute  instability,  so  that  the  sys¬ 
tem  will  behave  like  a  backward-wave  oscillator.  These  statements,  how¬ 
ever,  need  to  be  qualified  as  follows.  In  the  case  of  a  forward-wave 
interaction,  if  there  is  sufficient  reflection  at  the  ends  of  the  system 
and  there  is  a  wave  which  can  propagate  in  the  reverse  direction,  then 
the  system  will  oscillate  if  there  is  some  frequency  for  which  the  total 
phase  charge  around  the  system  is  an  integral  of  2jt  .  and  the  loop  gain 
is  greater  than  unity.  In  the  case  of  a  backward-wave  interaction,  the 
system  will  only  oscillate  if  it  is  greater  than  a  critical  length. 
Otherwise  it  will  behave  like  a  backward- wave  amplifier  with  the  ampli¬ 
tude  of  ;he  wave  increasing  in  the  direction  opposite  to  the  beam. 

It  should  be  pointed  out  that  the  foregoing  ideas  concerning  the 
instability  types  to  be  expected  from  an  examination  of  the  uncoupled 
modes  are  based  on  the  simple  theory  of  the  coupling  of  two  modes.  This 
is  at  best  an  approximation,  and  can  lead  to  incorrect  conclusions  con¬ 
cerning  the  instability  type  to  be  expected.  Consequently  there  is  need 
to  carry  out  a  thorough  analysis  for  the  particular  system  under  considera- 
tion,  employing  he  rigorous  criteria  for  the  determination  of  instabil¬ 

ity  and  wave  types.  This  we  propose  to  do  in  the  forthcoming  reporting 
period . 

( iv)  olutions  for  the  Beam/Plasma  System;  The  waves  that  can 
propagate  on  the  combined  beam/plasma  system  are  given  by  solutions  of 
the  dispersion  relation, 
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F  (6) 
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This  equation  may  be  regardnd  as  a  quartic  for  “(P)  or  as  a  transcen¬ 
dental  equation  for  |3(cd)  .  Because  F  is  real  when  p  is  real,  one 
may  find  the  solutions  for  simple  propagating  waves,  i.e.  with  CD  and 
P  both  real,  by  solving  for  the  real  roots  of  the  quartic  CD  (p  real)  . 

Such  solutions  for  the  m  =  0  mode,  for  the  <jeometry  of  Fig.  l(b) 

p 

and  for  (cd  /cd  )  =  0.01,  (v  /CD'a)  =0.092  are  shown  in  Fig.  4  as  full 

Dp  bp' 

lines.  These  parameter  values  are  chosen  to  correspond,  as  well  as  can 

be  Judged,  to  the  experimental  values  reported  below.  There  are  three 

such  simple  propagating  waves  indicated:  First,  a  mode  propagating  in 

the  positive  (beam)  direction,  which  is  asymptotic  to  the  plasma  mode 

for  cd  <  ci'  '  and  asymptotic  to  the  fast  beam  mode  for  cd  >  cd  '  ;  second, 
P  p 

a  mode  propagating  in  the  positive  direction  which  is  asymptotic  to  the 

plasma  mode  near  CD  =  cd^'  ,  and  asymptotic  to  the  slow  beam  mode  for 

05  >a)p/  ,  and  third  a  reverse  mode,  i.e.  one  propagating  in  the  negative 

direction  (opposite  to  the  beam).  This  is  effectively  a  pure  plasma 

mods  since  it  is  almost  unaffected  by  the  presence  of  the  beam. 

Besides  these  real-CD,  real-p  roots,  there  are,  for  CD  <  cd^'  an  in¬ 
finite  set  of  complex-p  roots  for  real  CD  ,  The  first  of  this  set  is 
also  indicated  on  Fig.  4  as  Mode  (4).  One  may  interpret  this  root  as 
corre  onding  to  an  amplifying  wave,  but  this  interpretation  is  only 
tentative  since  the  system  may  possibly  be  absolutely  unstable,  and  a 
full  stability  analysis  is  necessary  to  settle  this  point.  In  the  next 
quarter  is  is  planned  to  examine  this  question  in  detail  and  also  to 
study  numerical  solutions  for  the  m  =  1  mode. 

(B)  Experimental  Work  on  Leam/Plasma  Interaction. 

The  Beam/Plasma  Tube:  The  discharge  tube  designed  for  the  experi¬ 
mental  study  of  beam/plasma  interaction  employing  surface  modes,  illus¬ 
trated  in  Fig.  3  of  QR  4,  employs  a  beam-generatod  plasma  in  mercury- 
vapor.  An  electron  beam  of  a  few  hundred  volts  energy,  and  a  few  milli- 
amps  current,  is  formed  in  a  planar  triode  gun,  and  passes  into  the 
mercury-vapor  (pressure  ~2  mTorr  at  room  temperature).  Under  these 
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Surface  wave  propagation  characteristics  for  the  m  =  0  mode: 
Comparison  between  experiment  and  theory. 


R 

conditions  a  steady-state  theorv  '  shows  that  the  Deam  pay  travel  the 
length  of  the  tube  with  little  colllsional  scattering,  yet  create  by 
ionization  a  -  *asma  whose  number  density,  n^  ,  may  bo  one  or  two  ordera 
of  magnitude  higher  than  the  number  density  of  the  beam,  n  ,  Prev loua 
experience  at  Stanford  with  such  beam-generated  plasmas,  In  which  tho 


beam  only  partially  fills  the  tube,  hove  confirmed  this,  and  furthermore 
have  shown  that  such  systems  may  bo  quloscent  provided  tho  growth  of 
spontaneous  noiso  fluctuations  due  to  beam/plasma  Interaction  does  not 
reach  largo-signal  level  in  the  tube  longth.  This  offers  an  advantage 
over  the  alternative  arrangement,  in  which  a  beam  la  fired  Into  a  sep¬ 
arately  maintained  discharge,  since  the  lattor  Is  frequently  notay. 

Ideally,  the  electron  gun  operates  much  like  a  vacuum  trlode  In  a 
space-charge  limited  condition,  in  which  the  current  is  controlled  by 
the  first  grid.  In  practice,  however,  the  cathode  is  store  or  leas  tem¬ 
perature-limited.  It  is  then  necessary  to  stabilize  the  heater  power  to 
a  high  degroe  and  to  operate  the  tube  for  some  considerable  time  before 
stable  conditions  are  reached,  since  the  oalselon  Is  set  as  a  balance  be¬ 
tween  activation  and  poisoning  due  tc  positive  Ion  bombardment. 

Tho  steady-state  theory  of  a  beam-generated  plasma  shows  that,  al¬ 
though  the  beam  density  and  hence  the  volume  Ionization  rate  are  uni  form 
the  plasma  density  la  nonuniform,  decreasing  with  radius  as  shown  la 
Fig.  5.  The  plasm*  density  flrat  falls  slowly  with  radius,  and  then 
quit*  rapidly  In  the  sheath  region,  the  latter  being  of  the  order  of 
several  electronic  Debye  lengths  from  the  tube  wall,  Tigure  *  si#** 
ahues  the  profile  of  the  sel f -cons  1  stent  potential,  t  ,  which  has  a 
similar  form  to  that  of  the  density  profile  and  attains  at  the  wall  a 

value  some  kT  /e)  volts  below  the  value  on  axis,  where  T  la  the 
•  e 

plasma  electron  temperature  (**  1  *¥)  .  The  noemml  form!  ty  In 
density  Is  Important  In  thst  It  will  reduce  the  growth  rat  *  mars ***iy 
below  the  values  calculated  on  the  basis  of  s  we I  for*  plate*  fh|a 
point  Is  discussed  further  below 

Measurements  of  »ave-prgfot» t law  To  study  Mr*  prop*cttlnm  me  the 
femmm/plsama  tube.  It  la  asaataS  cmosl ally  l maid*  a  circular  ****gwtd* 
fitted  with  I'p*  .  <•  fbi  . . .  • 


*|pe 


touching  the  glass  tube,  and  may  be  used  to  excite  and  detect  either  the 

symmetric  (m  =  0)  or  dipole  (m  =  l)  modes,  through  the  use  of  suit¬ 

able  phase-shifts  in  the  connecting  lines.  The  detecting  coupler  may  be 
moved  along  the  tube  to  allow  measurements  of  phase  and  amplitude  to  be 
made  as  a  function  of  position. 

In  early  experiments,  the  diameter  of  tne  surrounding  waveguide  was 
relatively  large  (  (c/a)  =  1.90)  ,  the  corresponding  plasma  mode  disper¬ 
sion  diagram  being  Fig.  l(a).  Subsequently,  the  guide  was  reduced  in 
diameter  to  make  (c/a)  =  I.36  ,  the  corresponding  plasma  mode  disper¬ 
sion  diagram  being  Fig.  l(b).  This  was  done  in  an  attempt  to  avoid  inter¬ 
action  in  the  m  =  0  mode,  so  that  interaction  in  the  m  =  1  mode  might 

be  more  easily  observed.  However,  it  appears  that  even  with  the  smaller 
guide  diameter,  because  of  a  limitation  of  the  beam  voltage  to  less  than 
about  500  volts  due  to  the  onset  of  arcing  in  the  gun,  it  is  not  possible 
to  avoid  the  possibility  of  interaction  in  the  m  =  0  mode  for  plasma 
frequencies  in  the  interesting  range  of  500  ~  1000  MHz.  In  order  to 
avoid  m  =  0  interaction  with  low  beam  voltages  and  high  plasma  frequen¬ 
cies,  it  would  be  necessary  to  reduce  the  discharge  tube  diameter  a  . 

An  incidental  effect  of  reducing  the  ratio  (c/a)  is  also  to  convert 
the  m  =  1  plasma  mode  from  a  backward  wave  into  a  forward  wave,  as  is 
clear  from  Figs.  l(a)  and  l(b). 

Since,  for  the  experimental  conditions  attainable  with  the  ^  st^ng 
tube,  interaction  in  the  m  =  0  mode  cannot  be  avoided,  it  was  decided 
to  take  measurements  for  both  the  m  =  0  and  m  =  1  modes,  starting 
with  the  symmetric  mode.  Some  preliminary  measurements  of  the  m  =  0 
mode  were  reported  in  QR  5 .  Further  measurements  have  been  made  in  the 
past  quarter.  Figure  6  shows  the  phase  and  amplitude  of  the  m  =  0  wave 
as  a  function  of  position  along  the  tube,  as  the  detecting  coupler  is 
moved  away  from  the  exciting  coupler,  for  a  range  of  frequencies  between 
3U0  and  lt-70  MHz.  While  the  amplitude  increases  with  distance,  indicating 
growth,  there  is  a  pronounced  interference  effect  due  to  a  beating  of 
waves  with  different  propagation  constants.  This  effect  has  been  studied 


and  a  satisfactory  explanation  has  been  developed  as  follows.  Referring 


to  Fig.  4,  it  is  clear  that  for  frequencies  u>  <  o>  ' 

P 


there  are  two 
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6  Beam-surface  wave  Interaction:  Variation  of  pha*e  and 
amplitude  along  the  tube. 
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and  it  is  here,  because  of  the  presence  of  a  sheath,  that  the  inhomoge¬ 
neity  is  greatest.  A  further  effect  is  that  strong  radial  electric  fields 
in  the  sheath  are  likely  to  deflect  the  relatively  slow  beam  electrons 
away  from  the  surface  where  the  interaction  should  be  strongest. 

In  the  measurements  of  propagation  and  growth  in  the  m  =  0  mode, 
it  is  observed  that  while  a  growing  wave  is  measured  for  some  distance 
along  the  tube,  the  signal  reaches  a  maximum  and  then  decays  past  a  cer¬ 
tain  point.  This  was  illustrated  in  Fig.  4  of  QR  5  and  was  interpreted 
as  being  a  result  of  beam  b.'eak-up  due  to  some  signal  on  the  beam  having 
reached  large  signal  level.  However,  in  view  of  the  small  growth  rates 
observed  in  the  m  =  0  mode,  it  seems  unlikely  that  the  effect  is  due 
to  beam  break-up  in  the  m  =  0  mode.  It  is  possible,  however,  that  it 
is  a  result  of  beam  breakup  due  to  growth  in  some  other  mode  e.g.  m  =  1  . 
Certainly,  the  limitation  of  the  signal  indicates  that  the  steady-state 
conditions  are  not  uniform  along  the  length  of  the  tube,  though  whether 
the  nonuniformity  is  due  to  beam  breakup,  or  to  some  other  effect,  is  not 
entirely  clear  yet.  It  is  intended  to  investigate  this  effect  more  fully 
in  the  coming  quarter,  and  also  to  make  propagation  studies  in  the  m  =  1 
mode. 
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III.  ELECTROSTATIC  WAVE  AMPLIFICATION  IN  MAGNETOPLASMAS 


When  the  beam  and/or  plasma  have  directed  or  thermal  motions  in  the 
transverse  and  axial  directions,  it  is  necessary  to  derive  the  appropriate 
dispersion  relations  using  a  Boltzmann  equation  formalism.  The  results 
of  doing  so  were  discussed  rather  generally  in  QR  1  where  it  was  pointed 
out  that,  fcr  a  high  enough  value  of  the  parameter  (cn  /cd  )  i.e.  the 

D  C  7  ' 

ratio  of  beam  plasma  frequency  to  electron  cyclotron  frequency,  even  an 
ion-neutralized  electron  beam  could  be  unstable,  and  that  in  the  presence 
of  a  background  plasma  the  instability  threshold  for  the  beam  density 
could  be  reduced.  The  purpose  of  this  project  is  to  investigate  such  inter¬ 
actions,  and  to  determine  their  potentialities  for  microwave  applications. 

Numerous  theoretical  predictions  of  the  instabilities  have  been  na  de 
at  Stanford  and  elsewhere.  Basically,  the  theory  predicts  growth  in  pass- 
bands  centered  on  the  electron  cyclotron  harmonic  frequencies  (rfn  )  .  No 
further  computations  will  be  carried  out  under  this  project  until  our  ex¬ 
perimental  parameters  have  been  measured.  Those  computations  carried  out 
to  date  are  being  summarized  in  a  Ph.D.  thesis  being  written  by  J.  A. 
Tataronis,  and  which  will  be  completed  during  the  coming  reporting  period. 

So  far,  few  controlled  experiments  have  been  carried  out  to  check  the 
theory,  though  observations  of  strong  noise  emissions  from  magnetoplasmas 
containing  charged  particles  with  appreciable  transverse  velocities  pro¬ 
vide  significant  support  for  the  existence  of  the  predicted  mechanisms. 

The  studies  planned  under  this  contract  are  intended  to  provide  results 
under  refined  experimental  conditions,  and  to  put  the  theory  on  a  firm 
quantitative  basis.  In  particular,  we  wish  to  verify  the  dispersion  rela¬ 
tion  for  the  realistic  case  of  a  delta-function  beam  interacting  with  a 
warm  plasma. 

( A)  Experimental  Studies 

The  aim  of  the  experimental  work  under  this  project  is  to  excite 
growing  waves  by  means  of  an  electron  beam  injected  into  the  plasma,  and 
to  study  the  variation  of  the  growth  rate  as  a  function  of  the  longitudi¬ 
nal  and  transverse  energies  of  the  beam.  The  first,  and  simplest,  way  of 
imparting  transverse  energy  to  the  beam  is  to  inject  it  through  an  increas¬ 
ing  magnetic  field  into  the  interaction  region.  This  does  not  create  the 
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use  of  a  corkscrew  injection  ayateo.  A  third  method  ehich  it  e»*  ley »d 
to  apply  because  of  Its  greater  flexibility  is  to  insert  trsettsrs*  eoeegy 
to  the  electrons  by  cyclotron  heating  la  a  snail  rf  cavity  throe**  ehlefc 
the  bean  passes  before  entering  the  plats*  regioo.  This  hss  u«a  '••••* 
extremely  difficult  to  realize  for  our  eapertoontal  toodltle- •  »esw«>  , 

For  convenience  In  our  Initial  studies,  a  version  of  the  first  ••**>■*  bos 
finally  been  adopted. 

The  exporlaentel  set-up  la  as  shown  in  Fig  Fight  large  colts  has* 

been  spaced  so  as  to  give  an  axial  aagnetlc  field  eolfero  to  r»tt*r  than 
0.5^  over  a  region  of  five  to  alx  cent  looters  centers*  st  the  grab*  To 
produce  a  rapidly  varying  aagnetlc  field  close  to  the  cathode,  ten  snail - 
lary  colls  have  been  provided.  These  control  the  field  10  the  viclnit* 
of  the  cathode,  but  do  not  disturb  the  uniformity  of  the  field  10  the 
region  near  the  probe  by  awre  than  tvo  or  three  percent.  The  fields  do* 
to  the  two  coll  systems  are  controlled  by  separate  power  supplies  so  that 
the  lnhosK>genelty  can  be  varied  relative  to  the  hschgroood  hones  e»\som* 
field.  The  electron  bean  la  Injected,  through  *  potential  difference,  st 
an  angle  to  the  nagnetlc  field.  The  system  la  designed  so  that  the  Urvet 
radius  of  the  electrons  Is  lstge  compared  to  the  distance  of  the  grid  fm 
the  cathode.  In  this  way,  .£»#  electrons  travel  is  essentially  straight 
lines  through  the  grid  region,  and  then  start  rotating  ahont  the  magnetic 

field  lines  In  the  weak  field  region.  The  transverse  eoergy,  *  ,  l * 
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This  has  been  confirmed  qualitatively  by  the  previous  experimental  work 
which  it  is  hoped  to  refine  quantitatively  in  these  studies .  For  example, 
in  a  PIG  discharge  Landauer^  observed  radiation  out  to  about  the  4pth  har¬ 
monic, ^fitting  the  relation  (a/o^)  =  n  to  better  than  2$.  Bekefi  and 
looper  observed  strong  cyclotron  harmonic  radiation  from  a  beam  generated 
discharge  in  mercury-vapor.  As  here,  they  produced  the  necessary  trans¬ 
verse  energy  by  magnetic  field  inhomogeneity.  Ikegami  and  Crawford^  have 
also  made  measurements  of  radiation  near  cyclotron  harmonics  for  a  beam¬ 
generated  mercury-vapor  plasma  in  a  magnetic  field  produced  by  Helmholtz 
coils.  The  mechanism  for  producing  transverse  beam  energy  was  again  an 
inhomogeneous  magnetic  field. 

During  the  previous  reporting  period,  we  studied  radiation  from  an 
argon  positive  column  discharge  immersed  in  the  inhomogeneous  magnetic 
field  produced  by  the  set-up  shown  in  Fig.  5  of  QR  5 .  Great  difficulty 
was  experienced  in  interpreting  the  many  peaks  in  the  noise  spectrum. 

The  work  was  continued  into  the  present  reporting  period  until  the  modi¬ 
fications  leading  to  the  set-up  of  Fig.  7  were  adopted.  Making  these  has 
taken  up  much  of  the  remainder  of  the  quarter,  and  only  preliminary  re¬ 
sults  are  available  with  the  new  configuration.  These  will  be  extended 
during  the  coming  quarter,  and  will  be  reported  on  in  the  next  QR. 
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IV 


ELECTROMAGNETIC  WAVE  AMPLIFICATION  IN  MAGNETOPLASMAS 


In  the  absence  of  a  static  magnetic  field,  interaction  of  an  elec¬ 
tron  beam  with  a  plasma  leads  only  to  electrostatic  beam/plasma  inter¬ 
actions  of  the  types  described  in  Section  II.  When  a  static  magnetic 
field  is  present,  there  are  additional  possibilities  of  electromagnetic 
wave  interaction.  That  of  special  importance  under  the  present  contract 
is  the  interaction  with  the  right-hand  polarized  electromagnetic  wave 
known  in  ionosphere  terminology  as  the  "whistler"  mode.  It  has  been  dem¬ 
onstrated  theoretically  that  Under  conditions  where  a  beam  with  transverse 
energy  interacts  with  the  plasma,  wave  growth  in  this  mode  should  be  pos¬ 
sible,  and  that  experimental  situations  in  which  this  dominates  over  the 
electrostatic  growth  mechanisms  occurring  at  the  same  time  appear  to  be 
realizable.^ 

Comparatively  little  experimental  work  has  been  reported  so  far  on 
propagation  of  the  whistler  mode  in  laboratory  plasmas,  and  none  of  this 
seems  to  have  been  directed  towards  observation  of  wave  growth  due  to 
interaction  with  a  gyrating  electron  stream.  Such  a  demonstration  forms 
the  primary  object  of  this  project.  If  growth  in  the  whistler  mode  could 
be  demonstrated,  and  utilized,  it  would  offer  very  attractive  practical 
features.  In  particular,  coupling  should  be  facilitated,  since  the  ampli¬ 
fication  occurs  in  an  electromagnetic  mode,  i.e.,  without  conversion  to 
an  electrostatic  mode. 

The  aims  of  the  present  project  are  as  follows:  First,  to  elucidate 
the  theory  of  the  whistler-type  instabilities  „.n  the  simplest  geometry, 
and  then  to  extend  this  to  more  realistic  physical  conditions,  and  second 
to  demonstrate  directly  by  experiment  that  growth  can  occur  in  this  mode. 

(A)  Theoretical  Stud  j|. 

No  new  analyses  or  computations  have  been  carried  out  during  the 
reporting  period.  However,  in  connection  with  his  Ph.D.  thesis  prepara¬ 
tion,  J.  A.  Tataronis  has  gathered  together  details  of  all  our  work  in 
this  area  to  date.  These  will  be  written  up  in  report  form  during  the 
coming  reporting  period. 

(B)  Experimental  Studies. 

Studies  of  whistler  propagation  have  continued  in  the  small  magnet 
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setup  during  the  quarter.  The  wavelength  of  the  ehtatler  eaves  la  tfe* 
plasma  was  measured  using  the  following  technique:  The  algaal  campled 
between  the  two  antennas  was  compared  with  a  reference  algnal  which  was 
larger  thnn  the  transmitted  signal,  so  that  the  two  would  add  and  sub* 
tract  when  in  and  out  of  phase.  This  compared  signal  was  sampled  with 
an  electronic  circuit  that  converted  the  signal  occurring  during  a  time 
interval  less  than  psec  long  Into  a  voltage  that  was  displayed  on  the 
Y-axis  of  a  graphical  recorder.  The  sampling  circuit  was  synchronised 
with  the  pulsed  discharge,  and  adjusted  to  select  specific  densities 
for  experimentation.  The  separation  of  the  two  antennae  was  varied  and 
plotted  on  the  X-axis  of  the  recorder.  This  technique  produced  inter¬ 
fere  grams  of  the  type  presented  in  Fig.  8.  The  wavelength  In  the  plasma 
was  obtained  by  measuring  the  distance  between  successive  maxima  (or 
minima)  of  the  interf erogrnms . 

Results  obtained  from  many  interferograms  are  plotted  in  Fig, 

The  points  represent  experimental  results,  while  the  lines  are  obtained 
from  the  infinite,  cold,  collisionless,  whistler  dispersion  relation. 

In  normalized  form,  this  is, 
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Notice  that  the  agreement  is  quite  good  for  ’arge  values  of  k  .  corres¬ 
ponding  to  short  wavelengths  in  the  plasma.  At  lower  frequencies,  cor¬ 
responding  to  longer  wavelengths,  the  agreement  is  not  as  good.  This 
result  is  to  be  expected  because  of  the  finite  size  of  the  experimental 
apparatus.  It  was  found  experimentally,  that  for  wavelengths  in  the 
plasmas  greater  then  J.75  cm  (=  half  the  plasma  diameter) , the  finite 
geometry  effect;  became  important,  and  the  infinite  plasma  dispersion 
relation  was  no  longer  valid. 

The  variation  of  the  wavelength  in  the  plasma  visible  in  Fig.  8  was 
s  result  of  density  gradients  in  the  z-direction  resulting  from  the  axial 
probe.  Figure  10  is  a  plot  of  the  relative  density  along  the  axis  as  a 
function  of  the  distance  from  the  axial  probe  at  different  times  in  the 
afterglow. 
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Due  to  a  variety  of  reasons.it  was  found  to  bo  possible  to  obtain 
experimental  dispersion  relations  which  agreed  with  theory  only  over  . 
limited  range  of  parameters.  At  low  plasma  densities,  or  st  low  magnetic 
fields,  the  wavelength  in  the  plasma  was  too  long  to  bi  aeasured  accur¬ 
ately  with  the  probe  system  that  was  used.  The  effects  of  nonunlforml- 
ties  in  the  magnetic  field  became  very  important  when  the  system  was  ad¬ 
justed  near  cyclotron  resonance.  These  effects  limited  the  experimental 
range  of  the  parameter  (tu/cu^  to  0.4  <  (<n/tob)  <  0.9  .  Although  the 
maximum  density  obtainable  with  the  reflex  plasma  source  waa  greater 
than  4  x  10  5/cm5  ,  it  was  necessary  for  the  minimum  of  plasma  density 
at  the  axis  to  disappear  before  experiments  could  be  performed.  This 
limited  the  maximum  plasma  density  that  could  be  used  for  experimentation 
to  less  than  5  x  10  2/cm'>  .  It  is  unlikely  that  the  maximum  plasma 
density  can  be  increased  using  this  source  because,  ot  a  plasma  density 
of  4  X  10  /cm  ,  the  gas  is  nearly  fully  ionized  in  the  pressure  range 
where  the  source  operates  (0.5  <  p  <  2  mTorr) . 

This  series  of  experiments  completes  the  preliminary  whistler  stud¬ 
ies  using  the  small  magnet  system.  The  experimental  apparatus  used  in 
the  small  system  is  currently  being  transferred  to  the  large  magnet,  and 
is  nearly  ready  to  begin.  A  diagram  of  the  experimental  apparatus  is 
given  in  Fig.  11.  The  experimental  arrangement  is  similar  to  thot  used 
in  the  small  magnet  system.  The  principal  differences  are:  (i)  the 
axial  probe  is  not  inserted  through  the  cathode  of  the  pulsed  reflex 
source,  and  (ii)  the  radial  antenna  is  moveable,  so  that  measurements 
of  the  radial  variations  of  the  waves  can  also  be  made.  As  mentioned 
in  the  last  report, the  magnetic  field  is  uniform  to  0.25  percent  and  has 
a  maximum  value  of  7.7  kilogauss. 

The  initial  experiments  performed  on  the  large  magnet  system  in 
which  the  plasma  is  created  by  an  intense  rf  source  have  not  been  suc¬ 
cessful  due  to  an  unexpected  complication.  The  dc  power  supply  for  the 
magnet  h  ,  as  its  controlling  elements,  three  high  -power  thyristors 
which  are  phase-controlled.  The  intense  rf  pulses  cause  the  thyristors 
to  trigger  at  unpredictable  times , resulting  in  a  loss  of  control  of  the 
large  magnet.  It  does  not  seem  feasible  to  shield  the  magnet  power 
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